Localizing the human primary auditory cortex in vivo using 
21
Currently there are no routine methods to delineate the primary auditory cortex (PAC) of humans in vivo. Due to 22 the large differences in the location of the PAC between subjects, labels derived from post-mortem brains may be 23 inaccurate when applied to different samples of in vivo brains. Recent magnetic resonance (MR) imaging studies 24 suggested that MR-tissue properties can be used to define the location of the PAC region in vivo. The basis for such 25 an approach is that the PAC region is more strongly myelinated than the secondary areas. 26 We developed a fully automatic method to identify the PAC in conventional anatomical data using a combination 27 of two complementary MR contrasts, i.e., T1 and T2, at 3 T with 0.7 mm isotropic resolution. Our algorithm maps 28 the anatomical MR data to reconstructed cortical surfaces and uses a classification approach to create an artificial 29 contrast that is highly sensitive to the effects of an increased myelination of the cortex. Consistent with the loca-30 tion of the PAC defined in post-mortem brains, we found a compact region on the medial two thirds of Heschl's 31 gyrus in both hemispheres of all 39 subjects. With further improvements in signal-to-noise ratio of the anatom-32 ical data and manual correction of segmentation errors, the results suggest that the primary auditory cortex can 33 be defined in the living brain of single subjects. 
architectonic probability maps must currently be considered as state of 192 the art, with which we compare our in vivo group maps, i.e., to the prob- Unlike with previous work, we propose an unsupervised, local ap- 
and T2 weighted TSE (Turbo Spin-Echo). These two protocols have been 243 chosen because of their myelin sensitivity, and give a good gray/white 244 matter contrast.
245
We acquired data of 39 subjects in a 3 T scanner (Siemens Trio)
246
using an 8-channel head coil for RX and a body coil for TX. While the 247 typical resolution for structural MRI is 1 mm, we decided to scan at a 
325
The resulting feature space cannot be readily analyzed by using a the probability density function, puting the classification (inside, outside and neither).
404
As a consequence of our local analysis it will be highly probable 
445 446
The region R in is represented as the intersection of an ellipsoid with 447 the inflated surface. This ellipsoid w is defined by the parameter vector The parameter values at iteration m ≥ 0 are denoted w m . Initially
, we define the center vertex c ! to be the surface point closest 455 to the center of mass given by the coordinates of vertices assigned to 456 the aparc label "transversetemporal". To initialize the axes' orientation 457 and length, we use the eigenvectors e ! i n o and eigenvalues {λ i , i = 458 1, 2, 3}, of the covariance matrix Σ of the coordinates of the labeled verti-459 ces. That is,
463 464
The separability criterion (2) is then iteratively maximized by find- 
; with 473 474 
Analysis of the mapping results

485
The likelihood-difference maps can be directly used for the system- Figs. 7-10).
489
In the present study, we also investigated the robustness of the fine-tuning of the mapping approach will be subject to future work.
495
A histogram analysis has been performed to assess the robustness of 
515
For case study 3, we selected subjects with multiple transverse tem-516 poral gyri and systematically mis-initialized R in on the second transverse 517 temporal gyrus. We also initialized R in within the motor cortex region of 518 single subjects and compared the different mapping results.
519
Further, the results due to the Gaussian weighing of the raw MR in-520 tensities have been compared with that due to an experimentally de-521 fined optimal kernel.
522
The anatomical information provided by the curvature overlays 
(2001), von Economo and Horn (1930).
529
In addition to the surface overlays we used volumetric representa-
530
tions of the resulting maps in the form of gray matter ribbons (Fig. 11) .
531
These ribbons have been initialized as empty matrices that are registered 532 with Q8 the underlying MR data sets and have the same spatial resolution. mapped to a surface reconstruction of the subject's cortical hemispheres.
590
These surfaces have then been brought into the register as described 591 above and the individual surface labels were mapped to the "fsaverage" 592 surface using a vertex-wise logical disjunction. As a result, the red con-593 tour in Fig. 13 encloses the maximum extent of region Te1 in the 594 surface-based maximum probability maps of Te1.
595
Results
596
In our study, the algorithm always converged after 10 to 25 itera- 
603
Robustness of the classification algorithm 604 We found evidence that the presented analysis is robust to initializa- did not appear in the group average map in Fig. 13 , and could be attrib-634 uted to sampling error rather than ill-posed optimization criteria.
635
The myelin maps were robust to the precision of the automatic ini- . This figure compares mapping results due to the automatic (top row) and weak initializations (bottom) of the sampling regions. As discussed in the Robustness of the classification algorithm section, the mis-initialization of the inner sampling region over the second transverse temporal gyrus (bottom row) affects the discriminatory power of the classifier. In these cases the PAC region tends to be overestimated in individual subjects, and the overall likelihood-difference (i.e., intensity of the labelings) tends to decrease.
histogram analysis from the entire cortical hemispheres to the temporal The group result given in Fig. 13 shows that the average location of 658 the PAC area as defined by our method in vivo (the intense green pat-659 tern in Fig. 13 ) is well within the maximum probability location of the the PAC area may be attributable to registration error.
673
A second auditory area of less intense labeling was observed in the 674 group map posterior to the medial part of Heschl's gyrus outside the 675 probability map for primary auditory cortex.
676
We did not repeatedly observe hyper-intense patches on planum 677 polare such as identified in the R1-maps by Sigalovsky et al. (2006) .
678
The single observations were canceled out in the group map. Fig. 10 . Mapping results due to the automatic initialization (middle row) of the sampling regions and the initialization in the motor cortex area (bottom row) for two subjects. The black contours in panels e and f represent the primary motor cortex in terms of a probability map of BA 4p taken from the FreeSurfer atlas at the threshold of p N 0.1 (FST). In both hemispheres and cases, the regions of hyper-intense green labeling within the temporal cortex represent anatomically correct in-vivo estimates of the individual PAC area. Notice that the overall likelihood patterns were largely unaffected, i.e., the discriminatory power of the statistical classifier was comparable in both cases of initialization. This demonstrates the robustness of our method to atlas-based initialization.
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The green pattern enclosed by the black contour in Fig. 13 indicates 680 that the primary motor cortex can be identified in the group map.
681
In addition to the primary auditory and motor cortex regions, we The results of our study show that the proposed local, data-driven 709 approach is able to boost the effects of the differences in the measured 710 tissue properties between the PAC and secondary auditory cortex.
711
These differences are mainly due to higher myelin content within the suggests the feasibility of our approach. Its full potential must, however,
726
be refined in future studies (see below).
727
A second argument on the feasibility of our approach is that it eluci- 
However, the primary motor and somatosensory cortices have been delineate these regions more clearly in future studies. We are convinced 759 that methods will be developed that produce more homogeneous data 760 than we used in this study. Moreover, we think that with homogeneous 761 data our method would work without the atlas-based initialization step.
762
The impact of field inhomogeneities and the bias due to (local) curva-763 ture and anatomical labeling nonetheless need further investigation.
764
The primary visual cortex was not apparent in the group result, pre- sampling error due to sub-optimal pre-processing.
774
We found evidence that our method is robust to the chosen con- 
917
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A) left hemisphere average B) right hemisphere average Fig. 13 . Likelihood-difference maps averaged across all 39 subjects. Green areas indicate population average regions with higher myelin content. The region of hyperintense green labeling within the temporal cortex is our probabilistic in-vivo estimate of the PAC area. The red line represents the maximum probability for the boundary of area Te1, i.e., the PAC area as defined in post-mortem brains (Morosan et al., 2001 ) and projected onto the template surface. The black contour represents the primary motor cortex in terms of a probability map of BA 4p taken from FreeSurfer at p N 0.1 (FST).
